Abstract: Five methods of preparation of macroporous hydrogels are described and compared: precipitation polymerization, polymerization in presence of salt, polymerization in presence of gas-releasing compound, lyophilization and electrospinning. Crosslinked copolymers based on 2-hydroxyethyl methacrylate were selected as model hydrogels. Hydrogels were characterized by SEM microscopy, porosity, communicating/non-communicating pore ratio, pore sizes and their distributions. The advantages and drawbacks of the methods of preparation, modification of hydrogel properties, reproducibility and issues related to their preparation are discussed. The most convenient method was preparation in presence of salts. One type of porous hydrogel was based on a hydrogel matrix composed of nanofibers prepared by electrospinning method. The nanofibers have shown unique properties due to their large specific surface. The least suitable method seems to be the preparation of porous hydrogels by polymerization using gas (nitrogen) releasing initiator, 2,2´-azobisisobutyronitrile. The use of prepared porous hydrogels is intended especially for scaffolds in tissue engineering.
Introduction
Porous hydrogels have been frequently used in tissue engineering, cell therapy, column chromatography, as absorbents and membranes. Permanent porosity (or macroporosity) can be achieved by one of the five methods described in this introduction. Although, the methods were discussed in the literature in the past [1 -15] , the discussion of the effect of used method on resulting hydrogel properties and their complete mutual comparison is still missing. To fill the gap, we prepared this paper. We have studied the same polymer system, a model hydrogel, prepared by each method. In our previous work [1 5] , we examined degradable and nondegradable porous homopolymers and copolymers of 2-hydroxyethyl methacrylate (HEMA) in relation to their applications. The same chemistries (crosslinked copolymers based on 2-hydroxyethyl methacrylate) were used in this work and five methods of macroporous hydrogels preparation were involved (scheme of their morphology shown in the Fig. 1 ):
1. Crosslinking polymerization in the presence of solvent that dissolve the monomers, but causes precipitation of the formed polymer [6 10] (Fig.1a ).
2. Crosslinking polymerization in the presence of water-soluble substances (sugars, salts) which are washed from the hydrogel after polymerization [1, 2] (Fig.1b) .
3. Crosslinking polymerization in the presence of substances releasing porogen gases which remain in the hydrogel [11, 12] (Fig. 1c ).
4. Freeze-sublimation (lyophilization) of the hydrogel swollen in water [13, 14] (Fig.  1d ).
5. Fibers (usually with diameters in the nano-to micrometers range) whose walls are made of fibers and pores are formed by the space between them [15] are also considered macroporous materials (Fig. 1e) .
Modification of the Methods 2 or 4 is cryogelation, where the role of porogen is played by ice crystals [16] and/or possibly by miscibility changes.
Differences in morphology of porous hydrogels prepared by the five methods are shown schematically in the Figure 1 . Each of the methods has its advantages and drawbacks [17] , which are compared and discussed in this paper. Macroporous hydrogels with the widest possible range of properties, in particular of pore sizes were prepared. Morphology and physical properties of the porous hydrogels largely differed. Presented results supply some missing information and contribute to our continuous work on HEMA-based hydrogels, which are promising materials in tissue engineering. Figure 2 shows typical SEM micrographs of macroporous hydrogels prepared by different methods (see Experimental part).
Results and discussion

Morphology
Each of the preparation method results in completely different morphology (Fig. 2) . Hydrogels prepared by precipitation polymerization show the structure of interconnected spheres, their pores being voids between the sphere aggregates ( Fig.  2a) . In the Fig. 2b , the pores are formed in the polymer matrix by washing out salt particles, in the Fig 2c by gas bubbles evolved upon AIBN decomposition and in the Fig. 2d by water phase after lyophilization. The structure on the Fig. 2e shows the porous hydrogel formed by fibres while the pores are voids between them. In the structures on the Figs. 2a and 2e, the pores percolate through the whole macroscopic volume and they partly communicate. In the other structures (Figs. 2b,c,d ), the extent of pore communication depends on the preparation procedure and should be verified by other experimental technique than the electron microscopy, as will be discussed further.
Communicating/non-communicating pore ratio
It can be assumed that, with the exception of nanofibrous structure, other macroporous hydrogels contain both communicating and non-communicating pores. The communicating pore fraction (f) was determined using the method inspired by the Brunauer-Emmett-Teller (BET) method [19] . A hydrogel sample was immersed into a nonswelling solvent (such as heptane) and the amount of heptane which penetrated into the pores was measured. Since the solvent can penetrate only into the communicating pores, the total pore volume can be determined, assuming that the amount of heptane penetrating into the non-communitating pores by diffusion through the gel walls can be neglected. To ensure penetration of heptane into communicating pores, short evacuation (1 min, 30 kPa) of a heptane -hydrogel mixture was performed. Under such conditions, vacuum will not break the walls of non-communicating pores. The fact that the walls did not shrink was confirmed by SEM; no differences were observed in micrographs obtained before and after measurements. It can be concluded that with increasing porogen content, less spheres form hydrogel matrix; this fact was confirmed by the SEM micrographs. The polymer is precipitated earlier during reaction than in the mixtures containing less porogen in the solvent. The chance that the walls completely enclose the pores is higher at higher porogen contents, and hence, the hydrogel has a lower fraction of the communicating pores. It follows from the Fig. 3 that the described method allows the preparation of macroporous poly(HEMA) hydrogel with a wide range of communicating pore fractions (20 -100 wt. %). As already noted, it is not very likely that the individual pores would be separated since the "cavities" are largely interconnected. At the same time, the sizes and shapes of individual "cavities" are very different.
The commonly used method of mercury porosimetry can give information about pore size and volume only approximately without revealing the real hydrogel morphology [6] .
In contrast, the hydrogel prepared by crosslinking polymerization in the presence of fractionated salt particles (Method 2) makes it possible to define the pore as the void obtained after washing of the salt particles. Previously, we have published a method for determination of some morphological characteristics of such hydrogel (number of pores per unit volume, total pore surface, single pore volume) [1] . Using this method, pore sizes were determined, as a function of NaCl particle size and a fixed fraction of communicating pores (Fig. 4 ). The fraction of communicating pores increases with their size for a similar reason as in hydrogels prepared by precipitation polymerization. Using small particles of sodium chloride (with a high specific surface), the probability of the occurrence of closed pores in the polymer is higher than for larger particles. Compared to the precipitation polymerization, the communicating pore fraction is smaller, and even the hydrogels with the largest pores contained a small fraction of noncommunicating pores (2.7 wt. %). Another different feature from the precipitation polymerization is that the pore size distribution is much narrower and the pore sizes can range from micrometers to even milimeters higher.
The least common method of preparation of macroporous hydrogels seems to be the crosslinking polymerization in the presence of materials releasing gases during gelation (Method 3). In our work, we used the crosslinking polymerization with a radical initiator AIBN, which releases nitrogen by decomposition. Hence, it is possible to control hydrogel porosity by the amount of AIBN in polymerizing mixture. Nitrogen bubbles are generated in the hydrogel before the gel point and thus the porous structure is later fixed by crosslinking. Pores are very irregular (Fig. 2c) , they have a very broad distribution of sizes and they are oriented in vertical direction as a result of nitrogen flow. In comparison with the other methods, the hydrogel prepared by this way had the lowest fraction of communicating pores. The dependence of fraction of communicated pores on the AIBN content is shown in the Lyophilization of crosslinked equilibrium-swollen homopolymers of poly(HEMA) (Method 4) did not provide porous structure, probably due to a low water content in swollen hydrogel (37 wt. %). By introducing a highly hydrophilic comonomer into the polymerization mixture, the equilibrium volume of water was increased remarkably. We have chosen sodium methacrylate. As a comonomer, that causes high swelling (water contents > 80 wt. %) and the porous structure forms. In such system, the pores were generated upon freeze drying. The dependence of the communicating pore fraction and water content in equilibrium-swollen hydrogel (b) on the MA content is shown in the Fig. 6 . The fraction f decreases with increasing hydrogel hydrophilicity whereas the water content b increases with increasing MA carboxylic group content due to introduction of COONa groups that are being hydrated in swollen system.
Porosity
In Table 1 , the porosities (volume fraction of communicating pores in hydrogel) of macroporous hydrogels are expressed in wt. % and listed for each method of preparation. In this case, porosity is defined as the volume fraction of communicating pores in the hydrogels.
Tab. 1. Porosity, defined as volume fraction of communicating pores in hydrogel, of macroporous hydrogels as a result of method of preparation.
Method p (wt.
The variables were the porogen/solvent ratio (Method 1), NaCl particle size and amount (Method 2), AIBN content in polymerization mixture (Method 3), amount of strongly hydrophilic comonomer (Method 4) and weight of nanofibres per unit area, g/m 2 (Method 5). The highest pore volume fractions were obtained for hydrogels made of nanofibres; the hydrogels prepared in the presence of AIBN showed the lowest porosities. The porosity volume spans are similar for all the methods, some ranging from 13 to 19 wt. % (Table 1) . Porous hydrogels prepared by various methods, with the exception of nanofibrous hydrogel, show always a percentage of non-communicating pores while differing substantially in morphology.
Evaluation of methods for preparation of porous hydrogels
A summarized description of the methods is given in Table 2 .
Control of pore size
As already mentioned, to define the pore size in the products of the precipitation polymerization and in nanofibrous hydrogels is difficult. Pores can be approximated by different geometrical shapes, such as spheres, cylinders or cones [6, 20] . Using these approximations, pore sizes of macroporous HEMA hydrogels prepared by precipitation polymerization were estimated between 6 and 47 m [6] . As for the other methods, the pores can be defined as the voids appearing after the removal of NaCl particles, imprints of gas bubbles or sublimation of water phase. The pore size could be easily adjusted in the polymerization in the presence of salt, where the fractionated NaCl particles and their sizes govern the final pore size in swollen hydrogel [1] . In this paper we are describing systems with the pore sizes from 5 to 130 m (Fig. 2b) ; larger sizes would be certainly reached by using larger NaCl particles. A limited possibility of controlling the pore size exists in the polymerization in the presence of gas-releasing compounds (AIBN). With the increasing content of AIBN, the pore size increases from units to hundreds of micrometers but, concurrently, the pore size distribution is becoming very broad (Fig. 2c) . The pore size increases with increasing amount of AIBN and can be regulated to a certain extent by lyophilization of differently hydrophilic materials. The hydrophilicity can be adjusted by copolymerization of moderately hydrophilic HEMA with strongly hydrophilic sodium methacrylate. With increasing hydrogel hydrophilicity (with increasing sodium methacrylate content), the mean pore size increases in the range 20-80 m.
Sizes of poorly defined pores between nanofibers range approximately from 30-100 m. The porosity can be regulated using different weight of nanofibers per unit area of the nanofibre layer. With the increasing weight per unit area the pore sizes decrease since in electrospinning, voids between fibers are compressed.
Pore size distribution
Hydrogels prepared by the method of precipitation polymerization (Method 1) exhibited a very broad distribution of pore sizes which could be approximated by the spheres in the range from 5 nm to 33 m [6] . A broad distribution of pore sizes was also found for polymerization in presence of AIBN (6 -400 m) (Fig. 2c) . In contrast, the polymerization in the presence of NaCl particles provides a hydrogel with a narrow pore size distribution due to the NaCl particle uniformity. Narrow pore size distributions are also achieved by lyophilization, provided that the initial hydrogel is homogenous. Nanofibres that have non-woven textile morphology (Fig. 2e) show a broad pore size distribution, being caused by the non-homogenous structure.
Problems in preparation, starting materials and reproducibility
Preparation of nanofibers is most demanding and costly due to an expensive electrospinning device such as Nanospider™. The appropriate conditions of electrospinning have to be found for each polymer as many polymers have never been spun. Reproducibility of the thickness and structure of obtained nanofibre layer is limited. The starting material is a polymer solution or melt, but for the preparation from the monomers a less common reactive electrospinning method [21] should be used, which provides even worse reproducibility than common electrospinning. For preparation of hydrogels in the presence of salts an apparatus described previously [1] can be used, which does not give rise to artefacts (bubbles, local inhomogeneities) and the preparation of hydrogel is thus well reproducible. The starting material is a monomer; when using polymer solutions the resulting macroporous hydrogel shows significant inhomogeneities due to sedimentation during evaporation of the solvent. Poor reproducibility of hydrogel structure was seen in the polymerization in the presence of AIBN, as a uniform release of nitrogen during the polymerization cannot be achieved as described in this work. The preparation of macroporous hydrogels by precipitation polymerization of monomers is reproducible and does not require any special equipment. Starting material is a monomer. Hydrogels prepared by lyophilization are also well reproducible, but their morphology shows many artifacts; the starting material is the crosslinked hydrogel and the method also does not require special equipment.
The fraction of communicating and non-communicating pores
Only nanofibers provide totally communicating pores; macroporous hydrogels prepared by other methods always contain some fraction of non-communicating pores. Almost 100 wt. % of communicating pores show hydrogels prepared by polymerization in the presence of large salt particles (200 -250 m) (Fig. 4) or by precipitation polymerization in the presence of low contents of porogen (Fig. 3) . In contrast, a minimal amount of communicating pores is formed in HEMA hydrogels prepared by polymerization in the presence of AIBN. The fraction of communicating pores can be easily controlled by polymerization in the presence of NaCl, by the amount of salt in polymerization mixture. Figure 7 shows the dependence of the communicating pore fraction on the amount of salt (size of particles 30-50 m) in the starting polymerization mixture. The communicating pore fraction increases with increasing amount of NaCl particles; at NaCl contents below 50 wt. %, only non-communicating pores are formed.
Conclusions
Five methods of preparation of macroporous hydrogels were compared from the viewpoint of their advantages and drawbacks, effect on resulting hydrogel properties and reproducibility. To obtain desirable properties of macroporous HEMA-based hydrogels the most convenient method is the polymerization in the presence of washable NaCl particles, which gives good control of the pore size and communicating pore fraction in a wide range. Nanofibers showed unique effects on the communicating pore fraction although the possibility to control the properties of nanofibrous hydrogels is limited.
Experimental part
Preparation of hydrogels Method 1. Crosslinking polymerization in the presence of solvents that dissolve the monomers, but precipitate the formed polymer was performed by heating (70 °C, 8 h) of a mixture of HEMA (3.8 g), ethylene dimethacrylate (EDMA, 0.2 g) with 2,2´-azobisisobutyronitrile (AIBN, 0.04 g) in a mixture of cyclohexanol (0 -3.6 g) and dodecan-1-ol (2.4 -6 g) [6] . Then, the hydrogel was washed with acetone and dried in vacuum. [1] . Then, the sodium chloride was washed out with water and the hydrogel was lyophilized.
Method 3. Crosslinking polymerization in the presence of substances releasing gases which remain in the resulting hydrogel was performed by heating (50 °C) a mixture of HEMA (3.8 g), EDMA (0.2 g) and AIBN (0.02 -0.7 g) in an ampoule (diameter 1 cm) for 5 h. Then, the ampoule was broken the hydrogel was washed in acetone (6 days) and dried in vacuum. Method 5. Nanofibers were prepared by electrospinning in the laboratory Nanospider™ device, as described in detail previously [14] , from poly(HEMA) solution (16 wt. %) in water -ethanol mixture (66.3 wt. % ethanol).
Calculation of communicating pore fraction and porosity
The communicating pore fraction (f) was determined by immersing a dry xerogel of the mass m H , volume V H (calculated from hydrogel sample geometry) and density H in heptane (density U ). The mixture was evacuated for 1 min at 30 kPa. The xerogel was removed and, after surface drying, weighed (mass m H + m U ), where m U is the weight of heptane penetrated into communicating pores. The communicating pore fraction was calculated as follows:
V H = V W + V PN + V PC and (3)
V PC , V PN are the volumes of communicating and non-communicating pores, respectively, V W is the volume of dry gel walls. By combining Equations (1), (2), (3) a (4) one obtains the relation for fraction of communicating pores:
Porosity (p), i.e. the volume fraction of communicating pores in hydrogel, was calculated from Eq. 6:
Morphology of hydrogels was visualized by scanning electron microscopy (SEM). Dry hydrogels were fractured, surface sputtered with platinum and observed using highvacuum SEM.
